Abstract. The complement system is thought to be precisely regulated during pregnancy. We have examined specific gene profiles in mouse placentas causing spontaneous abortion and found notable up-regulation of adipsin, a complement activating factor. The aim of the present study was to determine the basic kinetics and localization of adipsin in the placenta and the difference in complement activity between normal placentas and placentas of abortuses. Normal and spontaneously absorbed implantation sites obtained from naturally-mated mouse uteri on days 10.5 and 14.5 of pregnancy were processed for histologic studies and protein purification. Adipsin immunoreaction was detected at the decidua basalis in normal placentas and additionally at the placental labyrinth in the absorbed placentas. The quantity of adipsin was increased in the absorbed placentas compared with the normal placentas. In concert with the increase in adipsin, the amounts of complement component 3 and degradation products were elevated and complemental activity was up-regulated in the absorbed placenta. These findings suggest that local expression of adipsin has a reproductive effect at the feto-maternal interface and possibly plays a role in spontaneous abortion.
(J. Reprod. Dev. 56: [508] [509] [510] [511] [512] [513] [514] 2010) omplement is a defense system of innate immunity that contributes to host protection by neutralizing infectious agents and removal of immune complexes. Additionally, the complement system is known to induce cell death in non-infected normal cells [1] . In the non-infected, normal human placenta, regulatory factors, such as decay accelerating factor (DAF/CD55), membrane cofactor protein (MCP/CD46) and CD59, are expressed at the trophoblast layer to inactivate complement component 3 (C3) or 4 (C4) [2, 3] . It is thought that complement regulation is helpful for protection from maternal complement attack and establishment of the immune tolerance condition for embryo survival. Indeed, in the pregnant mouse carrying the knockout gene of complement receptor 1-related gene/protein y (Crry), a complement regulator structurally-homogenous with DAF and MCP, the development of all embryos was arrested until the preterm period with abundant deposition of C3 in the implantation site [4] . Deposition of C3b, an activated form of C3, can evoke severe histological damage and strong infiltration of inflammatory cells [5] . In addition, experimental fetal loss induced by indoleamine 2, 3-dioxygenase (IDO) and antiphospholipid antibody demonstrate clear C3 deposition in the placentas of abortuses, suggesting critical damage to the placenta and embryos raised by uncontrolled activation of the complement system [6] [7] [8] .
We examined specific gene alterations in mouse pregnant uteri with non-treatment, including approximately 10% spontaneous fetal absorption in total implantation sites, and found a notable increase in adipsin at abortion placentas [9] . Localization of adipsin has been confirmed in adipose tissue, muscle, lungs, and peripheral nerves [10, 11] , but localization in the placenta has not been previously reported. Adipsin is homogenous with factor D in humans and has a serine protease activity involved with complement activation via the alternative complement pathway. The alternative pathway can enhance complement activity on the surface of target pathogens, requiring minimal specific antibodybinding in the classical pathway and enhancing innate immune activity to perform membrane destruction and opsonization. Adipsin activates complement factor B and induces C3bBb formation, which has enzymatic activity to produce C3b on the target membrane. Adipsin may be a serious threat for embryo injury, intensifying a risk of endogenous complement aggressivity in the placenta. However, there are few fundamental data regarding adipsin appearance and activity in placentas. In the current study, we determined the basic localization and kinetic changes of adipsin between normal and abortion sites and there were increases of the complement activity in placentas of abortuses, showing an involvement of adipsin with reproductive physiology and pregnancy failure.
Materials and Methods

Mice
C57BL/6J mice (Japan SLC, Hamamatsu, Japan) were bred under conditions of controlled temperature (23 ± 2C) and humidity (50 ± 10%), and a 12 h light-dark cycle with water and food ad libitum at the Research Center for Experimental Animal Science of Osaka Prefecture University. Female mice (8-10 weeks age) were paired with males in the evening, and the females with a confirmed vaginal plug the next morning were defined as being at day 0.5 of pregnancy. Normal and absorbed implantation sites were visually identified containing shrunken placentas and dissolved and discolored brown embryos under stereomicroscope microdissection. The experimental protocol using laboratory mice was approved by the Ethical Committee on Animal Experimentation of Osaka Prefecture University, and all mice were treated with humane care.
Histological studies
Structural changes in implantation sites were observed histologically with paraffin sections prepared from 10% neutral-buffered formalin fixed samples. Immunohistochemistry for adipsin was conducted on the sections treated with 0.01 M citrate buffer (pH 6.0) and 3% H2O2. Sections were incubated with a primary antibody (goat polyclonal anti-adipsin antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and specific binding of the primary antibody was detected with a Histofine Simple Stain Mouse MAX-PO(G) kit (Nichirei, Tokyo, Japan). Peroxidase activity on the secondary antibody was detected using diaminobenzidine, and sections were briefly counterstained with hematoxylin.
Protein sample preparation
Raw samples were cut with a razor and shaken with non-detergent buffer (0.5 M Tris and 0.15 M NaCl, pH 7.6) containing protease inhibitors (3% aprotinin, 1% phenylmethylsulfonyl fluoride [PMSF] , and 1% sodium vanadate), and supernatants including protein from humoral and superficial cellular components were collected (NaCl fraction). Protein from cytosolic and membranous components was extracted separately. The precipitations from the first extraction were homogenized with detergent buffer (10 mM CHAPS, 0.15 M NaCl, 0.01 M sodium phosphate, and 2 mM EDTA, pH 7.2) containing protease inhibitors and centrifuged (CHAPS fraction).
Complement activity
Complement activity was measured by the method of total hemolytic complement (CH50) assay using a complement activity-HA test kit (Wako Pure Chemical Industries, Osaka, Japan). Briefly, protein samples were incubated with hapten-stabilized liposome, including D-glucose-6-phosphate dehydrogenase, for 5 min at 37 C. Following addition of D-glucose-6-phosphate and oxidized nicotinamide adenine dinucleotide (NAD), the absorbance was measured at wavelengths of 340 nm and 700 nm. The CH50 titer was represented in unit amounts after standardization by the units from the reference serum.
Western blot
Protein samples were fractionated by SDS-polyacrylamide gel electrophoresis under reducing conditions and transferred onto a polyvinylidene difluoride (PVDF) membrane. Immunoblotting was conducted on the PVDF membranes using goat polyclonal anti-adipsin (Santa Cruz Biotechnology) or goat polyclonal anti-C3 (Cappel, Malvern, PA, USA). The specific reaction for horseradish peroxidase-conjugated secondary antibody was visualized using ECL Western blotting detection reagents (GE Healthcare, Buckinghamshire, UK), and luminescent images were captured using an LAS-3000 (Fujifilm, Tokyo, Japan). The band densities were quantified using the Multi Gauge software (Fujifilm). Actin density served as the reference correction factor.
Statistical analysis
Data are presented as means ± standard error (SE). A two-sided Student's t-test was applied for comparison of two groups, and a P value <0.05 was considered to indicate significant differences.
Results
Mouse spontaneous abortion
In the pregnant uteri from day 10.5 postcoitus, spontaneous abortion was observed in the atrophic and discolored sites (Fig.  1A) . Following microdissection of the implantation sites, mouse spontaneous abortion could be classified according to the degree of embryo degeneration, such as type I, which included residual bodies of dead and partially absorbed embryos (Fig. 1D) , and type II, in which embryos were absorbed and disappeared (Fig. 1E) . Type I and II abortion sites were noted in 3.46 ± 1.43 and 10.5 ± 5.14% of pregnant uteri, respectively (Fig. 1B) .
Marked histological changes accompanied by abortion were rarely observed in the decidua basalis, except in the area of the maternal central artery. Within the vascular space, the number of erythrocytes decreased and large mononuclear cells were frequently found (Figs. 1G and H), and proliferation of small capillaries was observed (Fig. 1H ). In the labyrinthine region of the abortion sites, destruction of the placental structure was notable; this is an essential area for nutrition exchange between the embryo and mother. The labyrinthine and spongiotrophoblast regions included many cell debris, apoptotic chromatin-condensed nuclei, infiltrated leukocytes and blood clots (Figs. 1J, K, M and N).
At day 14.5 of pregnancy, residual dead embryos were rarely found in the abortion sites, and histological changes were notable at the central artery in the decidua, showing vessel narrowing and branching, and structural destruction in the placental labyrinth (Suppl Fig. 1 ).
Adipsin in the placenta
A positive reaction for adipsin was observed in the decidual cells of normal placentas showing a fibrous morphology and existing in peripheral areas of the uterine stroma ( Figs. 2A and D) . In the placentas from type I abortions, adipsin-positive reactivity appeared to be diffusely enhanced (Fig. 2B) . At the type II abortion site, a de novo positive reaction for adipsin was observed in the cytoplasm of lymphocytes in the decidua and labyrinth regions (Figs. 2C and F) . Interestingly, the decidua basalis in the type I abortion sites included adipsin positive-granular large cells, which appeared to be uterine natural killer cells, on the cell membrane (Fig. 2E) . At the placental labyrinthine zone, normal trophoblasts forming a bloodplacental barrier were weakly positive (Fig. 2G) , although the intensity was elevated in the abortion placenta, and especially stronger at the type I sites (Figs. 2H and I) . At day 14.5 of pregnancy, the decidua basalis showed immunoreactivity for adipsin both in normal and abortion placentas. Adipsin immunoreactivity was elevated at the labyrinthine zone and junctional zones of the abortion placenta. The intensive reactivity for adipsin was found in Fig. 1 . A) Whole image of a pregnant uterus on day 10.5 of pregnancy. Some implantation sites (arrowheads) are small in size compared with the normal sites. B-E) Implantation sites, including the placenta (arrows) and embryo (arrowheads), can distinguish the normal sites (C), abortion site type I, including amorphus embryos and small-sizes placentas (D), and abortion type II, including the degenerated placentas only (E, placenta is crosssectioned to see the inside). Each appearance rate per pregnant uterus is shown in B (total 21 pregnant mice were used). The placentas in the normal sites contain the decidua basalis (F), including the maternal central artery (*) and large granular cells (arrows), and the placental labyrinthine region (LB in I and L) forming an interface between maternal (arrow) and embryonal blood cells (arrowhead). SP: spongiotrophoblast layer. In the implantation sites of abortion type I, the central artery includes leukocytes (G, asterisk), and the degenerated labyrinthine region (LB in J) contains many leukocytes and blood clots (M, asterisks). At the type II abortion sites, mononuclear cell-including small capillaries are increased in the decidua (H, arrowheads), and cell lysis has progressed in the labyrinth (LB in K and N). Bar: 5 mm (A-E) and 50 μm (F-N, H.E stain).
the cytoplasm of trophoblasts biased toward maternal blood sinuses (Suppl. Fig. 2 and [9] ). Western blotting revealed that adipsin is composed of two fractions near 40 kDa (Figs. 3A and D) , which has been suggested to differentially-glycosylated proteins in a previous report [12] . Quantification of adipsin is conducted jointly with two bands. The amount of adipsin was elevated in abortion sites, especially in the CHAPS fraction (Figs. 3C and F) , and a significant difference was detected at day 14.5 of pregnancy (Fig. 3F) .
Complement activation and placental C3
The CH50 assay revealed clear complement activity in the NaCl fraction and an increase in the abortion placenta (Figs. 4A and C). Significant elevation of CH50 was detected in the abortion sites on day 14.5 of pregnancy (Figs. 4C and D) .
C3, a major component for the lytic activity of complement, was also detected in normal and abortion placentas on days 10.5 and 14.5 of pregnancy (Figs. 5A and 6A) . The polyclonal anti-C3 antibody used in these assays seemed to have multiple epitopes in the α-chain of C3. We found reactions for the α-chain in the C3 precursor (115 kDa), and the degradation products of α'-67 and α-40 (67 and 40 kDa, respectively), which construct iC3b, were also detected. The iC3b is a cleavage product from C3b. Statistical differences were not seen in most of the C3 element between the normal and abortion placentas at day 10.5 of pregnancy (Figs. 5B-G). At day 14.5 of pregnancy, elevation of the expression level of each C3 element was detected in the abortion placenta (Figs. 6B-G).
Discussion
Adipsin is included not only in abortion placentas, but also in normal placentas. From the functional reports for adipsin, two main roles are conceivable involving the physiology of normal pregnancy and/or the spontaneous abortion process. First, adipsin has a potential for complement activation, and is distributed in the normal placenta, especially in the fibroblast-like cells existing at the peripheral region of the decidua basalis. These fibroblast-like decidual cells are poorly differentiated following the decidualization and secrete collagen fibers and "dense flocculent material" into the extracellular space [13] . Based on the results that adipsin protein is included in the intracellular fluid, it was suggested that adipsin is produced in the deciduas, spreads hematogenously and contributes to host defense through up-regulation of local complement activity. Also, uterine NK cells may become targets against complement attack if they do not express the regulatory protein, Crry, such as trophoblasts escaping from maternal complement attack for pregnancy success [4] . The adipsin-complement system may promote removal of maternal immune cells and encourage immune-privilege at the feto-maternal interface. In the abortion placenta, adipsin production was newly observed in the maternal leukocytes infiltrating the decidua and labyrinth. An increase in adipsin in the placenta is capable of up-regulating the local activity of C3, which is richly produced from the liver and released into the blood. The increase in the amount of iC3b in the abortion placenta of day 14.5 may be a reflection of C3b elevation in the placenta, which is rapidly split and inactivated by regulating factor I under normal circumstances [14] . Also, there is a report that the serum C3 and C4 levels are very high in patients with unexplained recurrent abortions [15] . Trophoblasts in the labyrinthine of abortion placentas change the morphology in post-apoptotic necrosis shapes such as nuclear condensation, rupture of cell membranes and leakage of acid phosphatase-positive lysosomal granules [9] . Adipsin in placentas may bear a role for histological disruption in the process of dissolution and removal of the abortion placentas.
However, against an outstanding increase in CH50 activity in the abortion placentas, the quantitative changes of adipsin and C3 were not well correlated. Additionally, adipsin and complement activity did not show clear elevations in the abortion placenta at day 10.5. It is possible that adipsin serves another reproductive role other than up-regulation of complement activity in placenta. Adipsin has a physiological effect on the generation of C3desArg (also known as acylation stimulating protein [ASP]) together with factor B and C3, and ASP has enzymatic activity in triacylglycerol synthesis and storage [16] . Lipid transfer is regulated in the normal placenta from the maternal to fetal blood through regulation of storage and release of free fatty acids (FFA), which are important as an energy sources and steroid hormone precursors for the growing embryo [17] . Placental adipsin can attend lipid reserve in appropriate level by promotion of FFA uptake; however, a great amounts of adipsin is possible to accumulate excessive placental lipids and negatively affect in embryo growth by decrease of the available FFA. In addition to nutritional aspects, it is well known that expression of proliferator-activated receptor-γ (PPARγ), a steroid receptor superfamily of nuclear receptor, has an effect on fatty acid uptake and coincidently induces trophoblast differentiation and invasion ability [18] . PPARγ is suggested to have an essential function in normal placental formation and embryo differentiation [19] . In addition, the product of the obese gene leptin is also considered to promote steroidogenesis of the ovary and placenta, hatching of blastocysts and trophoblast invasion [20] . Acylation and storage of FFA by adipsin may conflict with the leptin effect that promotes triacylglycerol hydrolysis and interfere with PPARγ activation due to decrease of placental FFA, which is a PPARγ ligand [18] . It is possible that adipsin disrupts the reproductive function of PPARγ or leptin, affecting trophoblast activity and differentiation. Recently, a cross-talk pathway between the complement system and acquired immunity has been proposed, especially in the occur- rence mechanism of Th-17 cell-mediated autoimmune arthritis [21] . Up-regulation of Th-17 cells and associated cytokines (interleukin-17 and interleukin-23) are also found in the blood and decidua of patients with unexplained recurrent abortion [22] . Adipsin may be associated with recruitment of Th-17 cells and cytokines in the placenta, and enhancement of a risk for autoimmune response in abortion initiation. Activated complement would react effectively to advance destruction and absorption in the abortion placenta, but an increase of adipsin could not be fully proven by the role for complement activation in the abortion placenta. Adipsin seems to be influential in placental formation and embryo development via the other effects such as placental lipid metabolism. It is possible that adipsin exerts plural functions in the placenta simultaneously or corresponding with an embryo growth stage. Further studies of adipsin should confirm the function of adipsin and its involvement with the spontaneous abortion process.
